Hepatocellular carcinoma (HCC) is associated with poor survival for patients and few effective treatment options, raising the need for novel therapeutic strategies. MicroRNAs (miRNAs) play important roles in tumor development and show deregulated patterns of expression in HCC. Because of the liver's unique affinity for small nucleic acids, miRNAbased therapy has been proposed in the treatment of liver disease. Thus, there is an urgent need to identify and characterize aberrantly expressed miRNAs in HCC. In our study, we profiled miRNA expression changes in de novo liver tumors driven by MYC and/or RAS, two canonical oncogenes activated in a majority of human HCCs. We identified an up-regulated miRNA megacluster comprised of 53 miRNAs on mouse chromosome 12qF1 (human homolog 14q32). This miRNA megacluster is up-regulated in all three transgenic liver models and in a subset of human HCCs. An unbiased functional analysis of all miRNAs within this cluster was performed. We found that miR-494 is overexpressed in human HCC and aids in transformation by regulating the G 1 /S cell cycle transition through targeting of the Mutated in Colorectal Cancer tumor suppressor. miR-494 inhibition in human HCC cell lines decreases cellular transformation, and anti-miR-494 treatment of primary MYC-driven liver tumor formation significantly diminishes tumor size. Conclusion: Our findings identify a new therapeutic target (miR-494) for the treatment of HCC. (HEPATOLOGY 2014;59:202-215) H epatocellular carcinoma (HCC) is the thirdmost common cause of cancer-related death worldwide.
H epatocellular carcinoma (HCC) is the thirdmost common cause of cancer-related death worldwide. 1 Genomic alterations and subsequent aberrant activation of multiple signaling cascades make HCC a complex, heterogeneous disease. 2 MYC and RAS are canonical oncogenes whose increased expression or pathway activation has been identified in many human cancers, including HCC. MYC is amplified or overexpressed in up to 70% of viral and alcohol-related HCCs, and RAS pathway activation is observed in up to 89% of human HCCs. 3, 4 Together, their coactivation has been associated with a more proliferative phenotype and worse survival in human HCC. 5 Although extensive effort has been devoted to understanding the molecular pathogenesis of HCC, few effective treatments currently exist. Systemic chemotherapy and radiotherapy, two conventional cancer therapies, have low response rates and no demonstrated survival benefits in HCC. 6 Treatment with sorafenib, a recently approved multikinase inhibitor, resulted in only modestly prolonged survival. 7 Development of novel therapeutics for the prevention and treatment of HCC is therefore urgently needed.
Despite the general lack of activity of conventional therapeutics in HCC, hepatocytes have been shown to readily take up antisense oligonucleotides, 8 raising the hope that small nucleic acid-based molecules may have utility against HCC. MicroRNAs (miRNAs) are small, endogenous RNAs that regulate gene expression through messenger RNA (mRNA) degradation or inhibition of translation. 9 Aberrant miRNA expression plays an essential role in HCC pathogenesis, and miRNA replacement or inhibition therapies have been suggested as potential therapeutics for HCC. 10 As proof of principle, recombinant adeno-associated virus (AAV)-mediated overexpression of miR-26a was recently shown to attenuate primary MYC-driven tumor formation in a transgenic (Tg) mouse model. 11 However, safety considerations exist over the clinical application of AAV-vector-based gene therapy. 12 The use of drug-like anti-miR oligonucleotides to inhibit miRNAs overexpressed in liver cancer may provide a robust, safer approach for the treatment of HCC. miRNA antagonists have demonstrated efficacy in tumor xenograft studies, metabolic disease, and antiviral therapy. [13] [14] [15] However, whether miRNA antagonists will have therapeutic utility against primary liver tumor formation and which miRNAs should be targeted to block tumor growth remains largely unexplored.
We sought to model human HCC in vivo by liverspecific activation of oncogenic pathways driven by MYC and/or RAS in mice. We postulated that miRNAs upregulated in these models could be potential therapeutic targets in HCC. We found that miR-494 is up-regulated in multiple HCC tumor models and human HCC samples. Increased miR-494 expression promotes proliferation in tumor cells and its inhibition reduces transformation of human HCC cells and tumor growth in vivo, raising its potential as a therapeutic target in HCC.
Materials and Methods
Mouse Strains. TRE-RASV12 mice 16 were crossed with Liver-Enriched Activator Protein promotercontrolled tetracycline transactivator (LAP-tTA) mice 17 to generate LAP-tTA/TRE-RAS (LT2/RAS) Tg mice. LAP-tTA/TRE-MYC (LT2/MYC) Tg mice have been described previously.
18 LT2/MYC males were crossed with LT2/RAS females to generate LAP-tTA/TRE-MYC/ TRE-RAS (LT2/MYC/RAS) mice. Doxycycline (Dox) was supplied in feed (200 mg/kg) to suppress oncogene expression and was removed after 8 weeks of age to induce transgene expression. The committee for animal research at the University of California San Francisco (San Francisco, CA) approved all animal experiments.
Microarray Analysis. RNA from normal liver (LT2) and tumor tissue (LT2/MYC, LT2/RAS, and LT2/MYC/RAS) was extracted, enriched for miRNAs, and biotin-labeled using Ambion's miRVana, flash-PAGE, and miRVana miRNA labeling kits, respectively (Ambion, Austin, TX). Samples (n 5 4) from each genotype were hybridized to a custom Affymetrix Genechip designed to miRNA probes derived from Sanger miRBase v9.2 (Affymetrix, Santa Clara, CA). This array contained a total of 14,216 probes. Mouse probes and human probes whose sequence is complementary to mouse homologs were used for the analysis. For each probe, an estimated background value was subtracted that was derived from the median signal of a set of GC-matched anti-genomic controls. Detection calls were based on a Wilcoxon rank-sum test of the miRNA probe signal, compared to the distribution of signals from GC-content-matched anti-genomic probes, and normalized according to the variance stabilization method previously described. 19 Postnormalized data scale is reported as generalized log2 data. For statistical hypothesis testing, one-way analysis of variance (ANOVA) was applied and probes were considered significantly differentially expressed based on a default P value of 0.05 and log2 difference >1 or <21. The microarray data have been deposited at the National Center for Biotechnology Institute Gene Expression Omnibus (GEO) repository under accession number GSSE44570.
Human Data Sets. Human HCC expression data sets were retrieved from the GEO (http:// www.ncbi.nlm.nih.gov/geo/) for the Burchard set (GSE22058) and The Cancer Genome Atlas (http:// cancergenome.nih.gov/). The Burchard set was based on microarray-based data across 192 samples containing paired tumor and nontumor adjacent control tissues. 20 The TCGA LIHC set was based on next-gen sequencing of 103 samples containing 67 tumors and 36 unpaired nontumor liver tissues.
Bioinformatic Analysis. The Burchard HCC array data were quality controlled for outliers and possible batch effects using principal component analysis (PCA). Outliers were removed, and the remaining samples were then log-transformed. Samples were then compared between tumors and nontumor controls using one-way ANOVA. Fold changes and raw P values were used to filter the differentially expressed miRNAs. Statistical analysis, Venn comparisons, and visualization of expression heat maps were performed using Array Studio (OmicSoft Corp., Cary, NC) and R software. The TCGA LIHC data set was first normalized within each sample by dividing raw count values by total counts. 21 Samples were then quality controlled by PCA and subsequently log-transformed. Comparisons and visualization were also made by oneway ANOVA using similar fold change and P value filters as with the Burchard set. 20 Please see the Supporting Materials for a detailed description of additional methods.
Results

MYC-and/or RAS-Driven Liver Tumors Have
Distinct Characteristics. To model HCC in the mouse, we utilized a liver-specific Dox-regulated oncogene expression approach. 18, 24 This system allows temporal control over expression of MYC specifically in the liver, resulting in murine liver tumor formation (LT2/MYC). 18, 24 In the present study, we developed a new HRASV12-driven model of liver cancer (LT2/ RAS) and also coexpressed MYC and HRASV12 together to drive liver tumor formation by both oncogenes (LT2/MYC/RAS). Adult mice of each genotype were taken off Dox at 8 weeks to induce oncogene expression. Tg mouse models gave rise to liver tumors with near 100% penetrance within a range of 5-12 weeks. To determine whether specific oncogene expression resulted in distinct tumor types, we characterized livers from the four genotypes. Oncogene expression was confirmed by western blotting analysis of tumor tissue (Supporting Fig. 1A ). LT2 controls had normalappearing livers, whereas MYC and RAS oncogenes induced morphologically distinct liver tumors (Fig.  1A) . Likewise, combined expression of MYC and RAS gave rise to heterogeneous tumors morphologically distinct from either oncogene alone (Fig. 1A) . Histological analysis revealed that MYC-driven tumors resemble poorly differentiated HCCs or human hepatoblastomas, 25 whereas RAS-driven tumors resemble human HCC. MYC1RAS-driven tumors are reminiscent of an aggressive variant of HCC or fetal variants of human hepatoblastoma (Fig. 1B and Supporting  Fig. 1B) .
Alfa-fetoprotein (AFP) is expressed in fetal liver progenitors, but not in normal adult liver, and is used as a clinical biomarker to confirm the diagnosis of HCC. 26 We examined expression of AFP in the Tg tumor models and found high expression of AFP in all samples for each genotype, but undetectable levels in nontumor control mice (Fig. 1C) . These results confirm that though distinct, each of the Tg models represents bona-fide liver tumors.
An miRNA Megacluster on Mouse Chromosome 12qF1 Is Up-Regulated in Multiple HCC Models. Although MYC and RAS play important roles in HCC, little is known about the effect these canonical oncogenes exert individually and together on miRNA expression. To identify aberrantly expressed miRNAs, we performed an miRNA microarray on samples collected from MYC, RAS, and MYC1RAS liver tumors and compared to control (LT2) livers. We observed at least 2-fold up-or down-regulation (21 > log2 > 1 and P < 0.05) for 103 miRNAs in the LT2/ RAS, 129 in the LT2/MYC, and 118 in the LT2/ MYC/RAS models, compared to normal LT2 mice ( Fig. 2A ; Supporting Table 1 ). We hypothesized that the subset of miRNAs commonly deregulated in all three tumor genotypes might be especially important for HCC development. We found 60 miRNAs up-(n 5 58) or down-regulated (n 5 2) among all three genotypes, compared to normal liver (intersection of the three genotypes in the Venn diagram; Fig. 2A ; Supporting Table 1 ). To determine whether the miRNA expression changes observed in these Tg liver cancer models are relevant to human HCC, we used the shared 60-miRNA signature found in our models to cluster human HCC patient samples (Fig. 2B,C) . We applied the 60-miRNA liver cancer signature to two human HCC miRNA data sets and found that the signature clustered 21% (Dataset #1) and 25% (Dataset #2) of tumor samples (Fig. 2B,C) . Elevated tumor AFP expression has been associated with poorly differentiated and aggressive HCCs. 27 Because clinical or pathologic characteristics for these human data sets were not available, we instead examined tumor AFP mRNA expression to determine whether it differed between tumor samples clustered by the 60-miRNA signature. In both data sets, we found significantly increased tumor AFP expression in the tumor samples clustered by the 60-miRNA signature (Fig. 2D,E) . Thus, the 60-miRNA signature shared among all mouse liver tumor models can distinguish human tumors associated with elevated AFP expression, a marker of a poorly differentiated state.
Because previous studies have demonstrated that clusters of miRNAs can play important roles in development, disease, and cancer, [28] [29] [30] we sought to determine whether the 58 up-regulated miRNAs were clustered within the genome. Surprisingly, 29 of the 58 (50%) commonly up-regulated miRNAs are located in the same genomic locus on mouse chromosome 12qF1 (Fig. 2F ). This region, known as the Dlk1-Dio3 domain, is conserved among placental mammals and comprises approximately 5% of all known miRNA genes. 31 miRNAs from the Dlk1-Dio3 region are split into two separate clusters, which we termed the AntiRtl1 and Mirg clusters, respectively (Supporting Fig. 2 ).
We next asked whether this miRNA megacluster is also up-regulated in other models of liver cancer. An unbiased Sleeping Beauty (SB) transposon system generates liver cancer in mice at 35% frequency. 22 Pyrosequencing of liver tumors from these mice revealed a preferential transposon integration site within the Anti-Rtl1 cluster in 73% (8 of 11) of samples. Five of these eight tumors had transposon integrations in the same transcriptional orientation, resulting in significant up-regulation of Dlk1-Dio3 miRNAs (Fig. 2G) . Together, these results suggest that up-regulation of miRNAs within the Dlk1-Dio3 megacluster may promote HCC development in mice.
miR-494 Enhances Transformation of Liver Tumor Cells and Is Up-Regulated in Human HCC. Studies of oncogenic miRNA clusters suggest that only one or a few miRNAs may account for the tumor-promoting properties of these clusters. 32 To identify such miRNAs within the Dlk1-Dio3 megacluster, we tested their ability to accelerate cell growth in soft agar. We split the Dlk1-Dio3 megacluster into 13 subclusters and stably expressed each in a mouse liver tumor cell line (Supporting Fig. 3A ; Supporting Table 3 ). LT2MR cells, derived from LT2/ MYC tumors and engineered to stably express RAS (Supporting Fig. 3B) , showed reduced or absent expression of many Dlk1-Dio3 miRNAs (data not shown), making it a suitable system to assess the effects of overexpression of miRNAs within the megacluster. Stable expression was verified by quantitative real-time polymerase chain reaction (qRT-PCR) of a 3C ). We found four subclusters of miRNAs that significantly increased LT2MR colony growth in soft agar. However, we were most intrigued by the observation that subclusters SM-4 and SM-5, each containing a single miRNA (miR-494 and -495, respectively), were the most potent at increasing soft agar growth (Fig. 2H) .
miR-494 and miR-495 were highly up-regulated in all three tumor genotypes, as verified by qRT-PCR (Supporting Table 2 ; Supporting Fig. 4) . To investigate whether these miRNAs might also be up-regulated in human HCC, we performed qRT-PCR on 47 human HCC samples and their matched normal tissues. Thirty-four percent (n 5 16) and 27% (n 5 13) of samples had >1.5-fold miR-494 and miR-495 overexpression, compared to normal liver tissue, respectively (Fig. 2I) . miR-494 and miR-495 were also part of the 60-miRNA signature found to be up-regulated in Dataset #2 (Fig. 2C) . Because miR-494 was more frequently up-regulated in primary human HCC samples, we selected it for further study.
miR-494 Overexpression Increases Cellular Proliferation and S-Phase Entry. Because miR-494 was among the most potent at increasing soft agar growth, we determined whether it could directly effect tumor cell proliferation. To address this, we performed proliferation assays on LT2MR cells stably overexpressing miR-494 (Supporting Fig. 5 ). We observed that miR-494 overexpression increased LT2MR proliferation, compared to control cells. Conversely, stable expression of an miR-494 antagonist resulted in diminished miR-494 expression (Supporting Fig. 5 ) and attenuated proliferation of LT2MR cells, compared to controls (Fig. 3A) .
We asked whether the observed increase in proliferation was mediated through alterations in cell-cycle control and performed DNA content analysis of LT2MR cells. miR-494 mimic transfection resulted in decreased G 1 -phase and increased S-phase cells (Fig.  3B) , whereas miR-494 inhibitor transfection resulted in increased G 1 -phase and decreased S-phase cells (Fig.  3B) . These results suggest that miR-494 could play a role in G 1 /S transition in LT2MR cells. We next treated cells with bromodeoxyuridine (BrdU) and measured its incorporation. We observed that miR-494 mimic transfection caused an increase in S-phase BrdU-labeled cells, whereas miR-494 inhibitor transfection resulted in decreased S-phase BrdU-labeled cells (Fig. 3C) .
We next examined whether increased S-phase entry caused by miR-494 was associated with changes in the expression of cell-cycle-inhibitor proteins. Thus, we tested for expression of two key regulators of the G 1 /S transition (p21 and p27) and observed decreased expression of both in miR-494 overexpressing cells (Fig. 3D) . In contrast, miR-494 knockdown increased the expression of these cell-cycle inhibitors (Fig. 3D) . We confirmed these findings in a separate cell line, Hepa1-6 mouse hepatoma cells, which have high miR-494 expression. miR-494 inhibition decreased proliferation in Hepa1-6 cells, associated with a delay in G 1 /S transition and an increase in p21 and p27 (Supporting Fig. 6A-E) . Together, these results demonstrate that miR-494 overexpression increases G 1 /S transition in LT2MR and Hepa1-6 cells and is associated with decreased p21 and p27 abundance, known inhibitors of cell proliferation.
The Tumor Suppressor, Mutated in Colorectal Cancer, Is a Direct Target of miR-494. We hypothesized that miR-494 may regulate one or more growth-inhibitory genes to alter cell proliferation. We identified seven candidate miR-494 targets using TargetScan, previously established to block cell-cycle progression, and also containing conserved miR-494-binding sites ( 0 untranslated regions (UTRs) containing the putative miR-494-binding sites into luciferase reporter constructs. MiR-494 had negligible effect on the RB1, RB1CC1, CDC73, and WEE1 UTRs and increased TACC2 and TGFB2 UTR reporter expression (Supporting Figure 7) . However, we observed a 70% decrease in reporter expression when the MCC 3 0 UTR reporter was cotransfected with miR-494 mimic and a 40% increase in reporter expression when transfected with miR-494 inhibitor (Fig. 4B) . The 5,203-base-pair (bp) MCC 3 0 UTR contains one 7-mer binding site for miR-494 (seed region, 5,049-5,055 nucleotides [nts]) conserved among human, mouse, and chimpanzee transcripts (Fig. 4A) . To determine whether MCC was indeed an miR-494 target, we mutated four nts within the putative seed-binding site. Reporter responsiveness was abrogated when this mutant reporter was cotransfected with either an miR-494 mimic or miR-494 inhibitor (Fig. 4B) .
We next examined whether miR-494 altered endogenous MCC expression. To test this, we first compared the expression of MCC mRNA in LT2MR cells transfected with either miR-494 mimic or inhibitor. In mimic-transfected cells, we detected a 60% decrease in MCC mRNA abundance. Conversely, MCC mRNA was significantly increased in inhibitor-transfected cells (Fig. 4C) . We further analyzed protein expression of MCC in mimic-and inhibitor-transfected cells by western blotting. Consistent with MCC mRNA expression changes, we observed an 80% decrease in MCC protein expression with mimic-transfected cells and a 60% increase in expression with anti-miR-transfected cells (Fig. 4D) . Transfection of miR-494 anti-miR also increased MCC protein expression in Hepa1-6 cells (Supporting Fig. 6D ). Collectively, these results indicate that MCC is a direct target of miR-494.
MCC Modulates G 1 /S Transition in Liver Tumor Cells. To assess whether MCC knockdown could mimic the proliferative effect of miR-494, we silenced its expression in LT2MR cells by RNA interference. Similar to miR-494 overexpression, MCC knockdown caused increased proliferation over 4 days (Fig. 5A) , accompanied by increased G 1 /S transition (Fig. 5B,C) . Conversely, MCC overexpression caused decreased cell proliferation (Fig. 5A ) and was associated with delayed G 1 /S transition. This was consistent with observations made in cells with reduced miR-494 levels (Fig.  3B,C) . We next asked whether MCC was altering p21 and p27 levels, similar to miR-494. From western blotting analysis, we observed an alteration in p27, but not p21, protein expression when cells were transfected with either MCC small interfering RNA (siRNA) or MCC complementary DNA (Fig. 5D ). This suggests that the G 1 /S delay caused by MCC increases p27 expression. However, other targets of miR-494 might be involved in suppressing p21 expression independently of MCC. We next asked whether G 1 /S transition delay caused by miR-494 knockdown could be rescued by reducing MCC levels. To address this, we assessed BrdU incorporation in cells cotransfected with miR-494 antagonist and MCC siRNA. Accordingly, G 1 /S transition delay caused by miR-494 knockdown was reversed by cotransfection of MCC siRNA (Fig. 5E) . Together, these results indicate that miR-494 causes increased proliferation in LT2MR cells through suppression of MCC expression.
The role of MCC in human HCC is poorly understood, although a recent study indicated that it can be silenced by retrotransposon insertions in a subset of patients, suggesting a role as a tumor suppressor in liver cancer. 33 We examined the mRNA expression of MCC from two human data sets in which the expression of nontumor liver tissue was also available and found that MCC was dramatically down-regulated in tumors, consistent with its role as a tumor suppressor in HCC (Fig. 6A) . Though there may be multiple mechanisms to attenuate MCC expression in HCC, the present study demonstrates that miR-494 is one such way to directly target MCC.
miR-494 Knockdown Decreases Transformation of Human HCC Cells. Because our previous observations were made in mouse cells, we wondered whether miR-494 had similar effects in a human context. To test this, we knocked down miR-494 expression in two human HCC cell lines (Huh7 and Hep3B) with elevated miR-494 expression (Supporting Fig. 8A ). Stable miR-494 inhibition was accompanied by increased MCC and p27 expression (Fig. 6B) . To assess the effects of miR-494 inhibition on transformation, we performed soft agar colony-formation assays and scored the number of colonies formed after 2 weeks. We observed a significant decrease in colony formation in cells with miR-494 inhibition (Fig. 6C) . These results indicate that reduction of miR-494 expression increases MCC expression and impairs transformation in human HCC cells.
In Vivo Delivery of an miR-494 Antagonist Attenuates Liver Tumor Formation. Because miR-494 inhibition resulted in diminished proliferation, we reasoned that this might decrease primary tumor formation in vivo. To test this, we initiated de novo liver tumor formation in LT2/MYC mice and treated them with either anti-miRs against miR-494 or a scrambled sequence. Reduction in miR-494 expression was confirmed by qRT-PCR performed on tumor tissue (Supporting Fig. 8B) . After 3 weeks, we observed a significantly decreased tumor burden in mice treated with miR-494 anti-miR (Fig. 6D,E) . We next asked whether miR-494 inhibition affected MCC expression in vivo. We observed an increase in both MCC and p27 protein expression in tumors of anti-miR-494-treated mice (Fig. 6F,G) . Terminal deoxynucleotidyl transferase dUTP nick end labeling staining revealed that there was no significant difference in apoptosis after either treatment, suggesting that miR-494 acts through attenuated cell proliferation, rather than increased apoptosis (Supporting Fig. 8C ). Our results indicate that knockdown of miR-494 with a drug-like antagonist can significantly diminish primary HCC tumor formation.
Discussion
Affinity of hepatocytes for small nucleic acids suggests that miRNA antagonist-based therapy might be a promising approach. In this study, we characterized oncogene-specific miRNA expression changes in de novo tumor formation. We report, for the first time, miRNA expression changes associated with liver tumor formation driven by MYC, RAS, and MYC1RAS oncogenes. We find that miR-494 is up-regulated, as part of an miRNA megacluster, in multiple mouse tumor models and clinical human HCC samples. We show that it plays a role in regulating the cell cycle through MCC and demonstrate the therapeutic potential of targeting miR-494 in both human HCC cell lines and de novo tumors.
The common up-regulation of a large megacluster of miRNAs from the Dlk1-Dio3 locus in all three of our liver tumor models was initially surprising to us. However, recent studies have highlighted the increasing importance of this locus in HCC. 12, 22, [34] [35] [36] The convergence of these data suggests that Dlk1-Dio3 miRNAs could play an important role in HCC development. In our study, we dissected this cluster in a systematic manner and identified miR-494 as a therapeutic target in HCC. However, our results indicate that other oncogenic miRNAs within this megacluster also play a role in cellular transformation (Fig. 2H) . 0 UTR containing the predicted miR-494-binding site was cloned into a pMIR-REPORT luciferase vector. Activity of the reporter was decreased when cotransfected into LT2MR cells with miR-494 mimic and increased when cotransfected with miR-494 antimiR, compared to control cotransfections. *P < 0.05. In both cases, site-directed mutagenesis of the predicted miR-494-binding site resulted in loss of reporter response. (C) MCC mRNA expression is responsive to miR-494. LT2MR cells were transfected with miR-494 mimic or hairpin inhibitor and tested for MCC mRNA expression after 24 hours by qRT-PCR. Values normalized to sno202 and expressed relative to control transfected cells. *P < 0.05. (D) MCC protein expression is responsive to miR-494. LT2MR cells were transfected with miR-494 mimic or inhibitor and tested for MCC protein expression after 48 hours by western blotting. Graph is an average of three independent transfections, and values were quantified using a Bio-Rad ChemiDoc (Bio-Rad, Hercules, CA). ***P < 0.001. For example, another miRNA from this locus has been shown to be oncogenic in neurobalstoma. 37 Whether other Dlk1-Dio3 miRNAs are also crucial to liver tumor formation and could be useful targets for therapy remains to be determined. Interestingly, we find that inhibition of miR-494 can substantially inhibit primary tumor growth, demonstrating its importance as a therapeutic target for HCC.
The role of miR-494 in tumor development appears to be tissue dependent, causing increased proliferation in H460 lung cancer cells and breast and transformed bronchial epithelial cells. [38] [39] [40] However, it induces cellcycle arrest in lung cancer and cholangiocarcinoma. 41, 42 Our results demonstrate that miR-494 increases proliferation in HCC through an acceleration of G 1 /S transition, but the pleiotropic nature of miRNAs suggests that it could have additional gene targets, which may play other roles in tumorigenesis. miR-494 has been found to target phosphatase and tensin homolog (PTEN), 38 and we investigated this in the context of our tumor models. Although we were unable to detect PTEN down-regulation when miR-494 was overexpressed in LT2MR cells (data not shown), we found that miR-494, targets the tumor suppressor, MCC. Importantly, loss of MCC in HCC was also recently found to occur in a subset of human tumors through inactivating insertion of Long Interspersed Nucleotide Element 1 (LINE-1) retrotransposon elements. 33 Our study supports the role of MCC as a bona-fide tumor suppressor in HCC that can be a direct target of an oncogenic miRNA. As with other tumor suppressors, it is likely that miR-494 overexpression and LINE-1 insertions may represent just two possible mechanisms to inactivate MCC in liver cancer. Furthermore, although we did not find other candidate tumor suppressor genes as miR-494 targets (Supporting Figure 7) , we do not rule out the possibility of them being targets in other cell types, or that miR-494 could have other tumor suppressor targets in HCC.
Most earlier in vivo studies aimed at modulating miRNA expression have been performed using orthotopic transplant models. 10, 15 The data generated from these models are promising and will no doubt remain a fruitful area of research. However, we felt that treatment of liver tumors, as they form, with an miRNA antagonist would more closely replicate the clinical paradigms in which such therapies could eventually be employed. To this end, we took advantage of LT2/ MYC mice, with the ability to form de novo liver tumors driven by MYC. In this same model, AAVbased overexpression of miR-26a, a tumor-suppressive miRNA in HCC, was previously shown to diminish tumor growth. 11 To our knowledge, we are the first to demonstrate that therapeutic delivery of an miRNA antagonist is successful at limiting the growth of de novo liver tumors. These findings represent a significant step toward the use of anti-miR-based therapy in vivo and indicate that the delivery of antagonists against other highly up-regulated miRNAs, such as miR-21 and 221, could be a promising therapeutic approach in HCC. 43, 44 The present study highlights the therapeutic potential of targeting miRNAs, such as miR-494, in HCC.
